Abstract Tool wear on the cutting edges of micro end mills is an important issue affecting process outputs such as tool deflections and surface roughness, especially when difficult-tocut materials such as titanium alloys, stainless steel, etc. are machined at micro scale. An understanding of the interactions between tool wear, machining forces, tool deflections, and surface roughness is important in order to maintain component quality requirements. However, in literature, the number of studies concerning tool wear in micro end mills is limited. The goal of the paper is to better understand tool wear patterns (flank wear, edge rounding) of micro end mills and their relationship to machining parameters. In this study, first, the influence of tool wear on micro milling forces and surface roughness parameters is analyzed and favorable micro milling process parameters are identified. It is shown that, when machining with worn end mills, forces are affected by the tool wear patterns. Then, the influence of increased milling forces due to tool wear on tool deflections and tool breakage is studied using both experimental techniques and finite element analysis. The finite element model-based tool deflection and tool breakage predictions are validated through experiments. The results of this study can be used in process parameter selection in pocket micro milling operations and tool condition monitoring systems.
Introduction
There is strong demand for the production of micro scale mechanical components to be used in biomedical devices, micro sensors, etc. This ever-increasing demand for micro scale products requires the application of techniques like micro-hot embossing and microinjection molding for the mass production of polymer micro parts with high productivity and repeatability. The tooling systems used in these techniques (micro dies and micro molds) should be specifically oriented to micro fabrication in terms of features, dimensional and geometrical tolerances, and surface quality. A general review of issues in micro/nano manufacturing processes can be found in [1] . While electric discharge machining and micro laser milling can also be used to produce micro molds, they suffer from low material removal rate and surface quality problems. Micro mechanical milling has emerged as a strong alternative since it offers high process flexibility.
Micro mechanical milling is considered the scaled down version of macro scale milling; however, the mechanics of machining at micro scale are quite different. An important difference is the influence of cutting edge radius, which cannot be neglected at micro scale. The edge radius is comparable to the uncut chip thickness during machining, which leads to plowing of the material onto the workpiece surface. It has been shown that there is a minimum uncut chip thickness value where continuous chip formation ceases and plowing becomes the dominant cutting mechanism [2, 3] . In addition, when grain size is comparable to the uncut chip thickness, it has been shown that the influence of fracture in chip formation increases due to round cutting edge [4, 5] . The influence of microstructure has also been considered in micro scale machining studies and shown to affect the process outputs significantly [6, 7] .
Tool run out and tool deflections, which are usually neglected at the macro scale, also gain importance in micro scale machining. The influence of tool runout, which results in varying chip loads on cutting edges of tools, has been integrated into micro milling force models [8] . Tool deflection modeling in micro milling has received considerable attention recently since it affects the quality of the machined micro components [9] [10] [11] [12] .
Micro end mills with diameters less than a millimeter are usually used in micro milling, and the majority of these tools are made from coated/uncoated tungsten carbide material. During operational conditions, micro tools rapidly wear out and they lose their sharpness, which influences the surface quality [13] . In addition, increased machining forces due to tool wear result in additional deflection of the tools. Tool wear measurement and tool breakage detection are challenging issues in micro milling in terms of achievable dimensional tolerances, surface quality, and economy of the process. Furthermore, the principal wear mechanisms in micro scale cutting do not follow the same patterns, and flank wear measurement is troublesome [14] . Saedon et al.
[15] considered micro milling of D2 steel and formulated a tool life equation by using response surface methodology. Their results showed that cutting speed is the most important factor, followed by feed and axial depth of cut. Thepsonti and Özel [16] used a finite elementbased modeling of micro milling and calculated the optimized tool path and milling conditions for micro machining of titanium alloy Ti6AL4V by considering surface roughness and burr formation. They concluded that tool path strongly affects tool wear. Cardoso and Davim [17] studied the effect of micro milling strategies and cutting parameters on surface roughness of Al 2011 aluminum alloy. Based on their findings, a constant overlap spiral milling strategy produced the best surface roughness. In a recent study, Oliaei and Karpat [18] considered circular pocket micro milling of Stavax stainless steel and also observed that radial depth of cut and feed per tooth must be selected carefully in order to maximize productivity in pocket micro milling. They observed a high wear rate at low feed and radial immersion milling cases. Liu et al. [19] found that low feed improves the surface quality in micro milling titanium alloy and emphasized the importance of tool run out on the process. Jun et al. [20] investigated the influence of feed rate on tool wear. They observed that each tooth experiences a different amount of wear during machining. They proposed a tool wear term defining the average increase in cutting edge radius.
There is a limited number of studies in the literature concerning the influence of tool wear on tool deflections and surface roughness in micro milling. This study aims to advance the understanding of the interactions between process inputs and outputs by applying experimental and modeling techniques. The evolution of tool wear in micro end mills under different machining conditions is investigated. The influence of tool wear on 
